KASA CR -=54866

SECOND QUARTERLY REPORT

DEVELOPMENT OF HIIH-PERFORMANCE LIGHT-WEIGHT EIECTRODES

FOR HYDROGEN-OXYGEN FUEL CELLS

by
D, Gershberg, Principal Investigator

W. P. Colman
J. DiPalma

prepared for
NATIONAL AERONRAUTICS AND SPACE ADMINISTRATION

January 27, 1966
CONTRACT RAS 3-64TT

Period Covered: July 6, 1965 - October 5, 1965

- NASA Lewis Research Cemter
" Cleveland, Ohio
Space Power Systems Division
Technicael Manager: Mr. Meyer R. Unger

AMERICAN CYANAMID COMPANY
STAMFORD RESEARCH LABORATORIES
1937 West Main Street
Stamford, Connecticut 06904
(Area Code 203) 348-7331




1.

l.l

1.2

2.

3-

3.1

3.1.1
3.1.2
3.1.3
3.2

3.2.1
3.2.2
3.2.3
3.2.h4
3.2.5
3.3

3.3.1
3.3.2
3.3.3
3.3.4

TABLE OF CONTENTS

IRTRODUCTION

Objectives

Scope
SUMMARY

SMALL CELL TESTING

Investigation of Matrix Materials
Magnesia

Ceria-PTFE

Thoria-PTFE

Investigation of Operating Variables
Pressure

Temperature

KOH Concentration

Regions of Unstable Operation
Highest Performance Levels
Life-Testing

Tests at 100°C

Tests at 125°C

Tests at 150°C

Polarization Data on Used Electrodes

PAGE

10

13

19

23
23
31
31
34
37
38



5.1

5.2

6.

TABLE OF CORTENTS

(Contimed)

LARGE CELL FABRICATION

LARGE CELL TESTING

Initial Performance

Life Tests

FUTURE WORK

REFERENCES

PAGE

41
L

L
Lk

51

52




LIST OF TABLES

TABLE TITLE

3=1 Performance of Ceria~PTFE Matrices
3-2 Performance of Thoria~PTFE Matrix
3-3 Optimm KOH Loading

3-4 Investigation of Opersting Variables
3-5 Life Tests: 2" x 2" Cells:

5-1 Initial Performance: 6" x 6" Cell

5=2

Life Tests: 6" x 6" Cell

PAGE

1h
17

28
k5
L



LIST OF FIGURES

FIGURE TITLE PAGE
3-1 KOH Corrosion of Ceria-PTFE Matrix at 150-200°C 9
3=-2 Average Voltage Changes During Successive Polasrization

Curves 15
3=3 Effect of Pressure on Performance 18
3=h Effect of Temperature on Performance 20
3=5 Effect of KOH Concentration on Performance )
3-6 Life Tests at 100°C: ACCO-I Asbestos Matrix ol
3-7 Life Tests at 100°C: ACCO-II Asbestos Metrix 25
3-8 Life Tests at 125°C: Asbestos Matrices ' 26
3-9  Life Tests at 125-150°C: Experimental Matrices 27
3=-10 Polarization Data on Used Electrodes 39
ha T 6" x 6" Cell: Flat Plate Design Lo
L2 6" x 6" Cell: Land and Groove Design L3

5=1 Life Test, 6" x 6" Cell 48




1. INTRODUCTION

1.1 Objectives
7 Light-weight fuel cell batteries capable of producing large

quantities of energy appear feasible for space applications. High-
performance light-weight electrode systems are an essential part of these
batteries. Work completed previonsiy(l), under NASA Contract NAS 3-2786,
showed that American Cyanamid AB-UO electrodes (40 mg Pt/cm2) give high

and sustained performance in hydrogen-oxygen matrix fuel cells including
those of battery size; this performance is substantially higher than that of
American Cyanamid AB-1 electrodes which comtain less platinm (9 mg Pt/cm?),
It vas calculated that at temperatures up to 100°C, the AB-4O electrodes
couid be incorporated in a 2 kw fuel battery whose weight per net power
(including all auxiliaries except fuel and tankege) would be approximately
50 1b/lkw. "

A detailed investigation at temperatures up to 100°C showed that
initial performance generally increases with increasing temperature, pressure,
and electrolyte (KOH) concentration. Furthermore, prelimina.ry studies
demonstrated that substantial inereases in initial performance can be
obtained by operating at higher temperatures (140°C) and KOH concentrations
(65%), than ere generally employed in matrix fuel éens. Under these conditions
current densities as high as 100, 400 and 800 ma/cm® at working volteges of
1.0, 0.9 and 0.8 v, respectively, were achieved in short term tests.

Accordingly the objective of the present contract is to 1nvgst1gate
and recammend preferred conditions, at 100-200°, under which AB-lO electrodes
would be capable of sustained high performence in a total module having a
welight<to~power ratio substantially lower than those presently available for

space enviromment.




1.2 Scope
The scope of work to be done by American Cyanamid Compeny during

the Contract year is outlined in the Schedule of Work presented in the
First Quarterly Report.

Work in the second quarter of the contract was devoted to
Tosks I-A, I-B, IT and III. In Task I-A, an experimental investigation of
the effects of pressure, temperature, and KOH concentration on initial
performaence was campleted. The development of an empirical model relating
initial performance to these variables was begun. The evaluation
of novel experimental matrices for use at temperstures up to 150-200°C
was continued. In Task IT-A small cell life tests were conducted with
asbestos meatrices and with several novel types of experimental matrices.
Six inch by eix inch ceils were designed for large cell testing at pressures
up to 60 psig and fabrication was scheduled, (Task II). Initiel performence
scale-up studies and large cell life testing were conducted in a 6 inch x

6 inch cell previously availsble (Task III).



2. SUMMARY

Task I-A
1. The use of PTFE-bonded ceramic powders as matrix materials at 100-200°C
is under investigation.

a. Magnesia is unsuitable at 200°C since it dissolves campletely
in excess TO% KOH within 500 hours.

b. Ceria has good corrosion resistance at 150°C but not at 200°C.
An experimental ceria-PTFE matrix (14% PTFE by weight) gave slightly lower
performance than Fuel Cell Asbestos at 100°C. At 200°C this matrix permitted
electrode-electrode contact similar to that encountered previously@) with
PTFE matrices. Matrices with lower PIFE levels are to be investigated.

c. An experimental thoria-PTFE matrix obtained from Chemcell
Incorpérated gave performance at 150°C equal to that of Fuel Cell Asbestos.
Further work in this area will be directed toward improving the bubble
pressure and determining the corrosion resistance of thoria at 150-200°C.
2. The investigation of the effects of temperature (100-150°C), pressure
(0-60 psig), and KOH concentration (30-75%) on initial performance was
completed. The highest working voltages obtained at current densities of
100, 400 and 1000 ma/cm? were 1.10 v, 0.95 v, and 0.82 v, respectively.

An empirical model is being developed to give close estimates of initial
performance at any point in the operating region defined sbove. The
following tentafive conclusions may be drawn fram an inspection of the
raw data.

a. Performance rises substantially with increasing pressure
at all current densities, the magnitude of the improvement increasing with

increasing current density. Direct determinations show that a pressure



increase from O psig to 60 psig increases voltage by 50-80 mv at 100 ma/cm®
110-120 mv at 400 ma/cm® and 160-350 mv at 1000 ma/cm®.

b. Increasing temperature, in the range 100-150°C, improves
performance only at KOH concentrations close to the solubility limit.
Under these conditions, the improvement becomes more pronounced at high
current densities.

c. The effect of KOH concentration on performance depends on
the current density and on temperature. At low current densities, performance
increases as the concentration is increassed to within 5% of the solubility
limit. At high current densities, meximum performance is reached at

concentratiomsranging from 5-25% below the solubility limit.

Task I-B

1. Available matrices were life-tested to determine suitable ranges of
temperature, pressure, KOH concentration and cwrrent density for long

term performance. The matrices included one or more types of asbestos,
PTFE, PTFE-Asbestos and PIFE-zirconia. The maximm levels of the operating

varisbles investigated were 150°C, 15 psig, TO% KOH and 400 ma/cm2.

2., ACCO-I Asbestos gives stable long-;term performance at 100°C, but was
found to be borderline at 125°C and unsuitable at 150°C because of corrosion
and apparent occlusion of asbestos in the electrode pores. At 100°C, stable
operation (5_ b mv loss/ 100 hrs) has been achieved at current densities up
to 300 ma/cm® but not yet at 400 ma/cm®. At 40O ma/cm®, as at lower

current densities, pre-wetting the electrodes prior to cell assembly

improves the voltage stability,
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3. ACCO-II Asbestos appears to be suitable for long term performance at
100°C but not at 125°C. Very sterle performance (0.6 mv decline/100 hrs.)
was achieved at 100°C, 50% KOH and O psig for 1200 hours at 100 ma/cm®.
The final voltage was 0.931. Stable performance has not yet been achieved

at higher current densities.

h, Life tests at pressures up to 15 psig were run with the ACCO-IT Asbestos
matrix at 100°C and 50% KOH. Steble performance for 120 hours at 100 ma/cm2

was demonstrated. Maximum voltage at 15 psig was 0.97 v.

5. A PTFE-Asbestos matrix gave stable performance at 125°C and 100 ma/em?
for 500 hours, but then failed abruptly due to cross-leakage of gas. Perfor-
mance at 300 ma/ cm? was very unstable. Rapid performance declines were

also observed in tests at 150°C.

6. Commercial PTFE felt, zirconia peper, and Zireconia-PIFE sheet gave

very high voltage decline rates at 100°C because of severe gas cross-leskage.

T. Commercial PTFE sheets less than 20 mils thick permitted electrode-
electrode contact. A 20 mil thick etched PTFE matrix gave stable performance
at 125°C and 100 ma/ecm® for 540 hours but at a relatively high resistance
and low voltage (0.90-0.92v). After 540 hours, the voltage declined

abruptly because of gas cross-leakage which in turn appears to have

resulted from a loss in wettability of the etched surface.




Task II

A 6" x 6" active ares cell was designed for large cell life-
testing at pressures up to 60 psig. The gas distribution system is the
same as that of the flat plate 6" x 6" cell curremtly in use. Lands and
grooves together with an "O" ring provide a gas and 1liquid seal. In this
respect the cell is similar to the 2" x 2" pressure cell. Fabrication

was scheduled for three cells of this design.

Tesk TIT

Tests in a flat plate 6" x 6" cell, designed previously,
showed that a b5-fold scale-up in electrode area éaused no change in
initial performance at current densities up to at least 600 ma/cm®,

Life tests were conducted in the 6" x 6" cell at 100°C and
atmospheric pressure. The removal of product water simulated thet of &
battery system operating with a recycle hydrogen stream and dead-ended
oxygen. Stable performance was obtained at 100-200 ma/cm?® for 1oo;aoo
hours but not yet at higher current densities. At 300 me/cm®, voltage
stabllity appears to increase with increasing humidity of the inlet
hydrogen stresm. It appears that the electrodes can withstend high
rates of hydrbgen impingement (2500-3500 cc/min) for a prolonged period

(800 hours) without being seriously eroded.




3. SMALL CELL TESTING

3.1 Investigation of Matrix Materials

An evaluation was begun of metrix materials mede from magnesia,
ceria, or thoria, bonded with PTFE. Screening procedures included beaker
corrosion testing of the powder or matrix, initiael performance determin-
ations, and bubble pressure measurements.

3.1.1 Magnesia

Magnesia powder dissolved completely in 75% KOH at 200°C within
500 hours and so is not suitable at this temperature.

3.1.2 Ceria-PTFE

Proprietary ceria-PTFE matrices containing 75% and 86% ceria by
weight were evaluated. These matrices are 9 mils thick, and have T2-T7%
total voids.

An 86/14 ceria~-PTFE matrix was corrosion-tested at 150°C in
70% KOH, and at 200°C in 75% KOH. In both tests the matrix pores were
campletely filled with electrolyte. Results are shown in Figure 3-l.

At 200°C, 27% of the matrix dissolved after 380 hours. However, at 150°C
only 4% of the matrix dissolved after 900 hours. Since PTFE does not
dissolve under these conditions, all of the dissolved material wes ceria.
Thus, the matrix appears promising for use at 150°C but not at 200°C
unless the corrosion rate in the cell, where there is no large excess of
electrolyte, is considerably less than shown by the besker corrosion test.

The initisl performance of ceria~PTFE matrices at 100°-200°C
is shown in Table 3-1. The matrices were loaded with 50% KOH by immersion
for 24 hours. The 86/14 ceria~PIFE matrix held more 50% KOH (1.5 cc/cm3 )*
than the 75/25 matrix (1.0 cc/cm3). At 100°C the resistance of the 86/1k
matrix (0.045 ohm) was slightly ebove that of 20 mil Fuel Cell Asbestos

(0.038 ohm). Its performance was 10-20 mv below that of the asbestos metrix

¥cm> of dry matrix- a loading greater than the void fraction of the
dry matrix indicates that the matrix swells in KOH.
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at current densities up to 600 ma/cm® and was much lower than that of
asbestos at higher current densities. Following the run at 100°C, the
cell was heated to 200°C. However, no performance was obtained at 200°C
or, after cooling, at 100°C. Since a few pinholes were found in the matrix,
it appears that the total loss of performance was cause@ either by gas
leakage or by electrode-electrode contact. Electrode breakthrough was avoided
in a second run at 200°C by tightening the cell to only 60 psi insteed of the
usual 180 psi. The resistance was 0,04k ohm and & first polarization curve was
obtained at current densities up to 600 ma/cm®. However, while attempting to
run a second polarization curve, the resistance rose suddenly to 0.16 ohm and
no performance was obtained. The reason for this is not clear. With one
sheet of the 75/25 ceria-PIFE matrix, electrode breskthrough occurred at
200°C in & cell tightened to 180 psi. Two sheets of this matrix produced very
high cell resistance probebly because of the low loeding (0.6 cc/ cm3) of
75% KOH.

The performance of the ceria-PTFE matrix appeérs to improve with
decreasing PTFE content. The 86/14 matrix contains 35% PTFE by volume.

Matrices containing 25% and 15$ PTFE by volume will be evaluated.

Thoria is reported to have high corrosion resistance to molten KOH
at L00°C ,(3') higher than that of any other ceramic oxide tested. While this
does not necessarily mean that thoria will have high corrosion resistance in
aqueocus KOH at 150-200‘0, the material warrants investigation. The radiosctivity
of thoria does not necessarily ber its use as a matrix material.

An experimental thoria-PTFE metrix was obtained fram Chemcell Inc.

This metrix contains T0% thoria by weight, is 20 mils thick and has T2-Ti% voids.
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It absorbed 0.4 cc KOH/cm3® after 24 hours immersion in the electrolyte.
Much higher loedings (0.9-1.0 cc/cm3) were obtained by immersing the
matrix in KOH and thep alternstely pulling and releasing vacuum for
five minutes. Longer periods did not further increase the loeding.
Since these loadings are greater than the maximum indicated by the void
volume, the matrix must swell slightly in KOH.

Initial performence was obtained in &uplicate runs at 100°C,
150°C and 200°C. The KOH concentrations at these respective temperatures
were 50%, 68% and 75%. At 100°C, the KOH concentration was 50% end the
meximum loading of 1.0 cc/ cn® wes uséd. Since higher XOH concentrations
were reached by concentrating in the cell, the loadings at these concen-
trations were correspondingly lower. Results are sh@ in Table 3=2.
Although the voltage levels in the duplicate runs were not in close
agreement, both runs yielded performance at 100°C and 200°C substantially
below that of asbestos-containing matrices having thé same resistance.
Thus at 100°C, the voltage was at least 40 mv and 120 mv below that
reported previcusly for 20 mil Fuel Cell Asbestos'2) at 100 and 400 ma/cm2,
respectively and was unstable at current densities above 200-400 ma/cm?.
At 200°C the voltage was at least 110 mv and 140 mv below that reported
previously(a) for T5/25 PTFE-asbestos at 100 and 400 ma/cm®, respectively.
By contrast at 150°C, the better of the two runs yielded performance equal
to that of ACCO-II Asbestos (Section 3.2). Working voltages of 1.01 v
and 0.86 v were obtained at 100 and 400 ma/cm2, respectively.

The variability in performance observed with this matrix may
have been due to the different final KOH loadings used at the different
temperatures. Cross-leakage of gases is another pogsible source of
difficulty, since this matrix has a very low bubble pressure (less than

4 inches of water).
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3.2 Investigation of Operating Variables

The investigation of the effects of temperature (100-150°C),
pressure (0-60 psig), and KOH concentration (30-75%) on initial perfor-
mance at 0-1000 ma/cm2 was completed. The mstrix was ACCO-II Asbestos,
16-18 mils thick. All runs included in the experimental design(2) were
made, together with five additionsl runms.

The optimum KOH loading used in this investigation wes deter-
mined at or near the ends of the temperature-concentration range, i.e.,
at 100°C - 45% KOH and 150°C - 75% KOH. At both temperature-concentration
levels, the optimm loading was 1.0 cc KOH/cm3 dry matrix (Teble 3-3).
This is also the meximum KOH loeding possible with this matrix at 75% KOH,
obtained by concentrating 50% KOH within the cell.

In nearly all runs three successive polarization curves were
determined. Figure 3-2 shows the average change in voltage between
successive curves (1 = 2, and 2 = 3) as a function of current density.

The voltage changes were averaged separately for those rums in which the
electrolyte was concentrated in the cell during the first polarization
curve (81l runs at concentrations greater than 50%), and those runs in which
it was not.

When the electrolyte was not concentrated in the cell, the voltage
increased fram the first to the second polarization by an average of 20 mv
at 100 ma/cm?, 10 mv at 400 ma/cm and 3 mv at 1000 ma/cm®, Insignificant
voltage changes occurred between the second and third polarization curves.

These results agree with those reported previously(l). When the electrolyte
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was concentrated in the cell, the average voltage increased from the
first to the second polarization by 40 mv at 100 ma/cm2, 0 mv at 300 ma/em2,
and then decreased at higher current densities, reaching a loss of 26 mv
at 1000 ma/cm®. The third polarization voltages were the seme as those
of the second polarization at current densities up to 200-400 ma/cm?®, but
at higher cuwrrent densities the average voltage declined still further by
as much as 20 mv. The latter decline reflects the general difficulty of
maintaining steady performance for even short periods st high current
densities as the KOH concentration approaches the solubility limit.
(See Section 3.2.4).

For all runs, the second polarization curve was assumed to
be representative and was used to determine the effects of operating
variasbles on performance. Table 3-4 lists second polarization values
rounded off to the nearest 10 mv. Based on these data, work was begun
on an empirical model which can cloéely estimate the initial voltage
at any point within the region investigated. Effects of the variables
which can be determined directly from the data are discussed in the

following sections.

3.2.1 Pressure

The effect of pressure on performance over the entire range
of temperature and concentration studied is shown in Figure 3-3. Voltages
are given for current densities of 100, 400, and 1000 ma/cm2. Increased

pressure increased the performance substantially at all levels of the
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WORKING VOLTAGE
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EFFECT OF PRESSURE
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other varisbles. This agrees with fuel cell theory as discussed by Adams,
Bacon, and Watson.(h) An increase in pressure raises the reversible potential
and may also reduce activation polarization by increasing the exchange
currents.

The magnitude of the pressure effect increased with increasing
current density. This is to be expected. Higher pressure, which
increases the solubility of the gases in the electrolyte, reduces polari-
zation caused by gas diffusion limitations which are more significant
at higher current densities.

The magnitude of the pressure effect tended to diminish with
increasing pressure, particularly at high current densities. In general,
however, the voltage at all current densities was substantially higher at

60 psig than at 30 psig.

3.2.2 Temperature

The effects of temperature and KOH concentration were interdepen-
dent. Both the direction and magnitude of these effects depended on current
density and on how close the KOH concentration was to the solubility limit.

The effect on performance of increasing the temperature in the
range 100-150°C is shown in Figure 3-k. Pressures were 15, 30 and 60 peig.
KOH concentrations were 30%, 45% and 60%. Voltages are illustrated at 100,
400, and 1000 ma/cm®. The solubility limit of KOH is 65% at 100°, 70% at
125°C, and 80% at 150‘c.(5-') Thus 30% KOH is 35, 40, and 50% below the
solubility limit, 45% KOH is 20, 25,and 359 below, while 60% KOH is only

5, 10 and 20% below the solubility limit at 100, 125, and 150°C, respectively.
2
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At 30% and 45% KOH, increasing the temperature fram 100 to
150°C had little effect on performance over the entire range of current
density. By contrast, at 60% KOH, performance increased substantially with
increasing temperature. The magnitude of this temperature effect was greater
at the higher current densities. Thus at 100 ma/cm®, an increase from 100
to 125°C raised the voltage while a further incresse to 150°C did not.
However, at 400 ma/cm®, the voltage increased over the whole temperature range.
At 1000 ma/cm2, the initial voltage was unstable at 100°C, stable at 125°C
and further improved at 150°C.

It appears that increasing the temperature in the range 100-150°C
improves performance only at KOH concentrations close to the solubility
limit, and thet under these conditions, the improvement is greater at the
higher current densities. Thus with these high-loading electrodes, the
principal effect of increasing the temperature in this range is probably
the reduction of polarizations associated with electrolyte or gas diffusion

limitations.

3.2.3 KOH Concentration

The effect of KOH concentration on performance is shown in
Figure 3-5. At each temperature, the highest concentration shown is
5% below the solubility limit. It can be seen that the effect of
concentration depends on both current density and temperature. At 100 ma/cm2,
increasing the. KOE concentration to within 5% of the solubility limit
increased the voltage markedly at all tempersatures in the range 100-150°C.
At higher current demsities, voltege increases were obtained at all

temperatures as the KOH concentration was increased fram 30% to u4S%.
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As the concentration was further increased however, performance decreases
were observed in same cases. The concentration yielding maximum performance
renged fram 5 to 25% below the solubility limit, and in general was further

below the solubllity limit at higher than at lower current densities.

3.2.4 Regions of Unstable Operation

In a few runs in the vicinity of the éolubility limit,e.g., at
100°C and 60% KOH, the initial voltage was unstable at current densities greater
than 200-400 ma/cm®. Unstable performance also occurred when the partisl
vressure of water was substantially sbove atmospheric. Thus in the run at
150°C, 30% KOH, the partisl pressure of water was 2300 mn'®) and the voltage
was unstable at current demsities above 200 ma/ecm2. At a partial pressure
of 1100 mm (150°C, - 45% KOH and 125°C - 30% KOH) voltages were unstable at
current densities sbove 600-800 ma/cm®. At all lower partial pressures down
t0 50~100 mm, in the vicinity of the solubility limit , the initial voltage

was stable at all current densities.

3.2.5 Highest Performance levels

At all current densitiés the best performance was obtained at
the maximm levels of temperature amd pressure investigated, i.e., 150°C
and 60 psig. At 100 and 200 ma/un2 the highest voltages were 1.10 and 1.03 v,
respectively. They were obtained at 75% KOH, the highest concentration
employed. At 300 ma/cm® the highest voltage (0.98 v) was obtained with
both 75% and 55% KOH. At greater current densities, 55% KOH gave the
best performance. Highest volteges at 400, 600, 800, and 1000 ma/cm?

were 0.95, 0.91, 0.86, and 0.82 v, respectively.
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3.3 Life~Testing

Small cell life tests were run at temperastures up to 150°C,
KOH concentrations up to 70%, pressures up to 15 psig, and current
densities as high as 400 ma/cm=. \\
These matrices included several types of asbestos, zirconia
paper, PIFE felt and sheet, PTFE-asbestos, and PIFE-zirconia. Pre-wet
electrodes were used in all tests but three. The inlet gases were either
both dry or both humidified. The KOH loading and the Hy/O> flow ratio
were varied. Inlet gas flow rates ranged fram 45-307 cc/min. Test
conditions and results are summarized in Table 3-5. Changes of cell
voltage and resistance with time are shown in Figures 3-6 to 3-9 for
all tests which ran more than 100 hours. The mode of failure, or
reason for termination, is given in Table 3«5 for each test. In same
cases, termination was forced dve to equipment difficulties, or to
internal cell problems such as cross-leakage of gases. In other cases, \
tests were terminated arbitrarily because maximm v"oltages. were too low

or decline rates too high.

3.3.1 Tests at 100°C

Tests at 100°C and 50% KOH were made with both ACCO-I and
ACCO-II Asbestos. Figure 3-6 shows voltage-time and resistance-time
curves for ACCO-I Asbestos. During the first quarter, it was reported(a)

that life tests with ACCO-I Asbestos containing 50% KOH ran stably at

current densities up to 300 ma/ em®. The lowest voltage decline rates

at 100, 200 and 300 ma/cm? were 0.6, 3.2 and 4.2 mv/100 hours, respectively.
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The test at 300 ma/em® (TLT-2-208) had been run with dry gases at an

inlet Hg/Oz ratio of 1.0. During the current period a run was made with

an inlet Hg/Oz ratio of 4.0 (TLT-2-287), in order to determine the effect

of such a high ratio. The voltage decline rate was very high (25 mv/100 hours).
Acceptable stability has not yet been achieved at 400 ma/cm2.

Tests with dry electrodes (TLT-2-247) and -2&9) quickly developed cross-

leakage of gas within less than 100 hours and had to be terminsted. Cross-

leakage was evident from an immediste and precipitous voltage drop when

(dpring flow measurements) a pressure differential of only two inches of

water occurred across the matrix. With pre-wet electrodes the voltage

decline rate (22-44 mv/100 hrs.) were high over a wide range of inlet

Hp/Op ratios, 0.5-3.0 (TLT-2-297, =212, -236, -22L, and -251). The

decline rates at flow ratios of 1.5-3.0 (22-25 mv/100 hrs.) were lower

than at a flow ratio of 1.0 (32-bl4 mv/100 hrs.) However, at a flow ratio

of 0.5 (TLT-2-297) the voltage after 432 hours (0.828) was only 14 mv below

the maximum voltage (0.842). This drop is much lower than those encountered

at higher flow ratios. Accordingly, the effeect of flow ratio is not yet clear.

Much more stable performance at 400 ma/em® and an Hp/Oo ratio of 1.0 was

achieved by humidifying the inlet gases at 40°C (TLT-2~298). The maximm voltage

was 0.867. During 400 hours the voltege decline rate was 8 mv/100 hours,

considerably less than in the runs with dry gases at the same flow ratio

(TLT-2-212 and -236). Thus it appears that drying out of the electrodes

at local points may contribute to the high voltage decline rates at this

high current density. In principle, humidification at 40°C prevents the

concentration at any point on the electrode fram exceeding 62 1/2% (only

2 1/2% below the solubility limit). Higher humidifier temperature may

produce better voltage stability by lowering the maximum possible KOH

concentration. Some evidence for this was found in large cell life

testing and is discussed further in Section 5.2.
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ACCO-II Asbestos was included in the life testing program

becsuse it has sufficient bubble pressure (20 psig) for life testing
under pressure. All runs were made with dry gases. Voltage-time and
resistance-time curves are shown in Figure 3-7. At atmospheric pressure,
acceptable performance stability was achieved in & 1200 hour test at
100 ma/cm® (TLT-2-242). The final voltage was 0.93 v. TLT-225 ran at
& low voltage level (0.87 v). TLT-2-240 at 100 ma/cm® and TLT-2-286
at 300 ma/cm? had high voltage decline rates.

Life tests at 0-15 psig were run with ACCO-II Asbestos in
the cell designed for pressures above atmospheric. Test TLT-2-262 was
run at O psig and 100 m/ cm? as a general check of the cell. The electrodes
were assembled dry. The low initial voltage (0.80 v)r may heve been due
to an initial shorting of the cell with the pins used to align the face
plates. The flow rates were inadverdently set too high, causing the
electrolyte to concentrate to 54%. This increase in concentration probably
accounts for the somewhat higher level of performance rea.ched in this test.
Performance was extremely stable during 451 hours. The voltage decline rate
vwas zero. TLT-2-275 was run at 100 ma/cm2 with the hydrogen and oxygen at
5 psig. The cell resistance was abnormslly high (10.5 milliolms as compared with
ho5 milliohms usually obtained with this matrix). Nevertheless the maximm
voltage (0.950 v) was 12 mv above that at O psig (TLT-2-242). The cell
operated stably for 45 hours, at which time the pressure was increased to
10 psig. The voltage rose to 0.960 v, but a slight voltage and resistance
oscillation was induced. Shutdown was forced at 169 hours by a faulty

Pressure controller. Test TLT-2-293 was started at 10 psig and 100 ma/cm®.
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The initial resistance (5.5 milliohms) was normel. Accordingly the maximum
voltage (0.972 v) was 12 mv above that in run TLT-2-275 and 34 mv above the test
at O psig. As with the previous test, some instability was noted in the voltage.
After 47 hours the pressure was increased to 15 psig. The voltage increased

by 10 mv but this was only 5 mv above the maximum voltage reached at 10 psig.

At 15 psig the voltage declined at about 3 mv/100 hr during 73 hours. At

120 hours total elapsed time the current density was increased to 200 ma/cm?

At this current density the decline rate was high (10 mv/lOO hrs.).

3.3.2 Tests at 125°C

All tests at 125°C were run at atmospheric pressure and, except
for three tests with the PIFE-Asbestos ma_trix, at a current density of 100 ma/cm2.
The electrolyte was loaded at 50% and then concentrated in the cell to 60%.
Figure 3-8 shows the change of voltage and resistance with time for tests
with ACCO-I Asbestos, ACCO-II Asbestos and Fuel Cell Asbestos matrices.

With ACCO-I Asbestos maximum voltages of 0.97-0.99 v were reached.
Operstion with dry gases, &t an H2/02 inlet ratio of 1.0, and a KOH loading
of 3.0 g/g dry matrix gave a high voltage decline rate of 16 mv/100 hrs.
(TUr-2-209). Operation with gases humidified at 55°C, at an Hp/O ratio of
0.67, and & KOH loading of 4.0 gf/g yielded stable operation for 640 hours
in test TLT-2-223. The decline rate during this period was b mv/100 hrs.
After 640 hours, the voltage declined rapidly due to cross-leskage of gas.
The most probable cause of cross-leskage was dissolution of some asbestos
by the KOH.

ACCO-IT Asbestos (TLT-2-211) operating on dry gases under the

same conditions as ACCO-I Asbestos (TLT-2-209) gave approximately the same
high voltage decline rate (18 mv/100 hrs ). Operation with the gases humidified

at 55°C (TLT-2-245) gave an accelerated decline rate.
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Fuel Cell Asbestos which ran poorly at 100°C alsc showed poor

stability at 125°C on dry gases, with a voltage decline rate of 58 mv/100 hrs.
(TLT-2-218).
Figure 3-9 shows the results of life tests lasting more than
100 hours with matrices of PIFE-Asbestos and PTFE sheet. Also shown are
runs with laminated composite matrices of ACCO-I Asbestos-zirconia paper
and PTIFE sheet——zirconia peper. Shorter tests with these matrices and
with zirconia paper, PIFE felt and PT¥E-zirconia sheet are listed in Table 3-5,
but not shown in the figure. All runs were made with dry gases.

2
As reported m‘eviansly( ) an experimental proprietary PTFE-Agsbestos

matrix is available. The matrix contains 75% PTFE by weight and was devised
to have greater overall chemical stability than asbestos alone while retaining
a suitably low resistance. A 15 mil thickness of this matrix yielded a
minimm cell resistance of 4.8 millicims snd a maximm voltage at 100 ma/cm2,
of 0.98 (TLT-2-230). On dry gases, the voltage decline rate was 3 mv/100 hrs.
during 490 hours. This was as low as that of ACCO-I Asbestoe on humidified
gases. After 490 hours cross-leakage developed, however. The voltage declined
rapidly and the test was terminsted. At 300 ma/cm®, a 15 mil thick matrix
gave & maximm voltage of 0.90 v (TLT-2-263). During 160 hours, the voltage
decline rate was high (38 mv/100 hrs.). This was followed by an abrupt
decline accampanied by & rapid rise in resistance, indicating possible

water baiance problems. In this run the inlet Ea/02 flow ratio was 1.0.

Runs were made at flow ratios of 0.5 and 2.0 with 24 mil thick matrices
(TLT-2-282 and -281). These matrices yielded higher resistance and lower
meximm performance, 0.841 v and 0.87h v, than the 15 mil matrix. Voltage

decline rates were very high in both tests.

‘
|
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Zirconia peper (H. I. Thampson Campany) was used as & matrix in

life test TLT-2-213. The cell was first set up with three 30-mil sheets
then restarted with five sheets. This material has an extremely high wvoid
volume (96%) with macroscopic pores. Consequently considerable cross-
leakage of gas and extremely rapid voltage decline rates were observed

(320 mv/100 hrs. during an 18 hour period for the first test). To overcame
cross-leakage, a sheet of ACCO-I Asbestos was sandwiched between two sheets
o: Zirconia Paper (TLT-2-217). In this test the voltage rose slowly to &
maximum during the first 170 hours, was relatively stable up to 520 hours,
and then declined rapidly during the next 140 hours.

An experimemtal 50/50 PIFE-Zirconia matrix obtained from Chemcell

Incorporated was evaluated in runs TLT-2-219 and -239. When loaded with

5.8 times its own weight of KOH this matrix gave an acceptable resistance

(4.0 millichms ). Again however, considerable difficulty was encountered

with cross-leakage of gases. In run TLT-2-219, cross-leakage cccurred at

the start amd the voltage did not rise above 0.15v. In run TLT-2-239 a
meximum voltage of 0.95v was reached but declined rapidly during 65 hours.

Cross-leakage was @lso encountered with a matrix made from PTFE Felt

(American Felt Company) which had been etched to improve its wettability.
Rapid voltage decline rates were observed in three tests with this matrix.

Two grades of etched porous PTFE sheet (Chemcell, Incorporated)

were evaluated as matrices. Grade Wh-125 is 5 mils thick and has an average
pore size of 5 microns. Grade 233WS is 16 mils thick and has an average
pore size of 20 microns. Both grades have an available void volume of
approximately 65%. In preliminary tests(Z) with these materials, it was
found that because of hot flow of the PTFE the electrodes tended to break

through the matrix and short-circuit the cell. In the life-testing program,
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miltiple layers of these matrix materials were used in an effort to overcome

this problem. TLT-2-221, employing two sheets of 233 WS, was terminated within
£ifteen mimites because of electrode-electrode comtact. Four sheets of Wk-125
were used in TLT-2-228. In this test, 0.01% FC-95 (a 3-M Campany perflucrinated
surfectant) was added to the electrolyte to help wet the matrix. Cell resistamce ‘
was relstively high (10.1 millichms ) and maximm voltage correspondingly low |
(0.918 v). Reasonebly stable performance was maintained for a period of |
540 hours (overall voltage decline rate of 2 mv/100 hrs.). Cell resistance |
did not change significantly during this period. After 540 hours, cross;-leakage

of gas developed, the voltage declined rapidly, and the cell resistance simulta.nem:siﬂ
rose rapidly. This run demonstrated that porous PIFE shg-et can be wet sufficiently |
to give sustained performance for at least 500 houwre. Examination of the :
matrix after test showed, however, that the etched surface is not stable under
these conditions. The surface, normally brown, was bleached to an off-white
color, and was no longer wetted by 50% KOH. ILoss of wettability may have

caused the electrolyte tfs becgne discontimmous, thus permitting both cross-lesksge
of gas and an increase in the cell resistance. The use of FC-128, which lowers

the surface tension of KOH more than does FC-95, might be helpful in maintaining

the wettability of this type of matrix.
Based on the life-test results discussed in this section, it appears
that none of the matrix materials evaluated is adequate in terms of sustained

high level performance at 125°C,

3.3.3 Tests at 150°C

At 150°C, 60~T0% KOH and 100 ma/cm? both ACCO-I Asbestos and PTFE-

Asbestos gave extremely unstable performance. Voltage decline rates were
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generally greater than 200 mv/ 100 hrs. and were accompanied by rapid rises in
cell resistance (TLT-2-265, -267, =270 and -279). The rapid resistance

rise was probably due to solution of the asbestos in the electrolyte.

3.3.4 Polarization Data on Used Electrodes

In order to help determine the location and cause of losses in
performance during life tests, polarization curves were run with various
eambinations of new and use(l4 electrodes. The used discs, 1" in diameter,
were cut frem 2" x 2" life-tested electrodes and then washed and dried.

The asbestos matrix used in life-testing could not be removed completely

fram the matrix side of these dises., Consequently, the discs were placed with
their gas side as well as their matrix side (fran the life test) against the
matrix used in the polarization runms, to‘detenﬁine whether occluded asbestos
affects electrode performance.

Figure 3-10 shows the results for the electrodes used in run
TMT-2-198 at 125°C. In this test, using ACCO-I Asbestos, the voltage had
declined by 80 mv during 618 hours. All polarization runs in which at least
one used electrode was employed show poorer performance than the run with two
new electrodes.

The voltage loss of each curve at 300 ma/cm® (arbitrary) was
measured, relative to the new electrode curve, and a voltage loss assigned

to each electrode face as shown below.

Voltage Loss Assigmments

Electrode Matrix Side Gas Side

Hp 96 96
0s 38 60
Ho +. 02 Sum -1-3: I5—6
Hy + O Measured 258 96
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As can be seen from the last two rows inconsistencies develop
in the analysis. A possible cause was the use of the electrode dises
for more than one polarization curve.

A similar series of runs was made with the electrodes from life
test TLT-2-206 (125°C for 521 hours, ACCO-I matrix). The curves fall in
the same sequence except for the used Op-new Hp-matrix side curve which
was unexplainably low (below the used Op-used Hp-matrix side).

These data show that performence losses during life-testing at
125°C occur on both sides of the cell, and to a greater extent on the
hydrogen side. The differences between the "gas side" and "matrix side"
polarization curves indicate that life test performance losses may be
due to an increasing occlusion of asbestos in the electrode pores. Therefore,
it is not yet certain whether the;e is any actual loss of catalytic activity

at 125°C.
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4, LARGE CELL FABRICATION ,

At present a flat plate 6" x 6" active area cell is being used
for large cell testing. The cell has been described previously in detat1(2),
The gas distribution system of each face plate is showm in Figure h-1. Gas
enters and leaves the active area via holes distributed evenly along
alternate parallel chapnels. The cell is sealed Ly gaskets made of either
PTFE or PTFE-taped silicone rubber. The cell has operated satisfactorily
at atmospheric pressure. Pressure tests ihoved that the cell can hold,
initially at least, 60 psig of hydrogen at temperatures up to 200°C
without gas leskage. However, the suitadility of the geskets after long
periods of compression at 150-200°C is an unknown factor.

A 6" x 6" active area cell was designed fcriarge cell life.
testing at pressures up to 60 psig. The design is shown in detail in
Figure k2. The gas distribution system is identical to that of the
flat plate cell. Sealing of electrolyte and gas is provided by imterlocking
lands and grooves, which campress the outer portion of the matrix, and
by a PIFE "0" ring. This method of sealing has proven to be satisfactory
in the 2" x 2" cell used for life-testing at pressures, thus far, up

to 15 peig. PFabrication was scheduled for three cells of this design.
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5. LARGE CELL TESTING

The effect of scale-up on initial performsnce was studied in the
6" x 6" cell. Two life-tests were also run. The active ares of this cell
is 45 times that of the 1" cells used for the investigation of operating
variables and 9 times that of the cells used for smsll cell life testing.
Runs were made with AB-4O electrodes and a 20 mil ACCO-I Asbestos matrix at

100°C, 50% KOH and O psig. The electrodes were pre-wet with KOH solution.

5.1 Initial Performance

Table 5«1 campares the initiel performance of three different
runs in the 6" x 6" cell with that of a one inch cell using the same
electrodes. All runs in the sixeinch cells with pre<wet electrodes
exhibited the performance boost between the first and second pola.fization
curves generally obtained with dry electrodes in one~inch cells. Both
the first and second polarization voltages scaled up within 0-20 mv at
current densities up to at least 600 ma/cm2,

The resistance in the one-inch cell was 21 milliohms. For a
45-£01d scale-up in active area, the resistance of the 6" x 6" cell should
be 0.47 milliolms. The measured resistance was 0.64+0.96 milliohms. It is
not yet clear whether these are true resistance values particularly since

the initial performance scaled-up so closely.

5.2 Life Tests
In the 6" x 6" cell life tests, removal of product water simulated
that in a battery system operating with a recycle hydrogen stream and dead-ended

oxygen. The inlet hydrogen was humidified by sparging through a thermostatted
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water saturstor. The inlet oxygen was dry and, while not actuslly desd-
ended, removed only 2-3% of the product water. Testing was aimed first
at determining whether serious voltage decline rates (> 6 mv/100 hours)
are encountered at current densities in the range 100-400 ma/cm2. Life
test results are shown in Table 5-2.

Life test 7556-8 was run at 100 ma/cm2. The inlet hydrogen
was humidified at 44°C. The voltage of the second polarization curve
(0.976 v) fell within three hours to thet of the first polarization curve
(0.951 v) and then wes nearly constant during the next 65 hours. The run
was terminated by & sudden overnight failure resulting apparently from
repture of the matrix by the compression of the inner edges of the gasket.

To prevent matrix rupture, life test 7556-23 employed a frame
of thin PTFE sheet around the matrix, an arrangement used previously in
small cell life testing. The time history of this test is shown in
Figure 5-1. The test was started on dry gases. After 24 hours the inlet
hydrogen streem was humidified at LL°C with the exit flow rates
set to maintain 50% KOH at 100°C. At 100 ms/cm?®, the voltage of the second
polarization curve (0.965 v) fell during three hours to 0.949 v and then
declined at an acceptable rate (3.6 mv/lOO hrs.) for 200 hours. At 200 ma/cm2
the initial voltage was 0.897 v and the decline rate during 100 hours
(3.0 mv/100 hrs.) was also accepteble.

At 300 ma/cm®, the initial voltage wes 0.851 v. During 190
hours the decline rate was high (7.5 mv/100 hours). Attempts were made
to obtain more steble operation by increasing the humidity of the inlet
hydrogen, while maintaining an average of 50% KOH in the cell through
increased flow rate. In principle this should decrease the meximm KOH

concentration at any local point on the hydrogen electrode and thus tend
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to prevent local solidification of KOH in the electrode pores. Accordingly,
the humidifier temperature was raised from 44°C to 50°C for 48 hours, and
then to 55°C. At these temperatures the partial pressures of water in

the inlet hydrogen correspond to meximum KOH concenmtrations of 61%, 58%

end 55% respectively (or 4%, 7% end 10% below the solubility limit at

100°C). At 50°C in the humidifier the voltage decline rate was 8 mv/100 hrs.

However, for a periocd of 72 hours the fﬁltage was constant at 0.821v. ¥o
camparable period of stable operation occurred while the hydrogen was humidified
at 4h°C.

For 5TT hours at 300 ma/cm®, the overall voltage decline rate
was 10 mv/100 hrs. During this period there was no significant rise in cell
resistance. The polarity of the cell was then reversed. The voltage
rose immediately by 83 mv from 0.70v to 0.87Fwhich was above the initi;al
voltage (0.851v ). Cell resistance decreased slightly from O.74 to 0.62 ohms.
The voltage then declined during-243 hours at an overall rate of 18 mv/100 hrs
with no significant change in resistance.

An edditional attempt wvas made to obtain stable performance by low-

ering the oxygen exit rate. Even at the very low oxygen exit rate employed
throughout the run (45 cc/min) there may have been a tendency at 300 ma/cw?
to dry out the oxygen side. No voltage loss occurred during the next 85 hours.
This suggests that more stable performance might be achieved by humidifying
or by actually dead-ending the oxygen streem,

A second reversal in polarity at 1113 hours restored the initial
voltage (0.851v). The major gas stream, hydrogen, was then impinging on the
same electrode and at the same points as it had during the first 880 hours
of test. Restoration of the initial voltage suggests that no severe erosion
occurred as a result of the high rates of flow (2500-3500 cc/min) used
st 300 ma/em®. The run was terminated to permit a new run at 300 ma/cm2,

starting with a humidifier temperature of 55°C and & minimal oxygen exit rate.
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Examination of the electrodes confirmed that erosion of the
electrodes was insignificant. Approximately 20% of the inlet gas ports
on each plate were found to be plugged with KOH, however, and this may

have contributed to the overall decline observed.
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6. FUTURE WORK

Work for the next gquarter is planned for the following Tasks.

1. Investigation of Operating Variables

The empirical performance model will be completed. At preferred
conditions of temperature, pressure and KOH concentrations, the effects
of the fraction of product water removal at each electrode and of the
humidity of the inlet geses on initial performance will be determined.

2. Materials Investigation

Evaluation of matrix materials for operation at 150-200°C will

continue with ceria~PTFE and thoria-PTFE matrices.

3. Small Cell Life Testigg

Life tests will be conducted at preferred operating co:ﬂitioﬁs
and current densities up to 1000 ma/cm? with the aim of obteining stable
operation for 1200 hours. Asbestos matrices will be used in these tests.
Additional life tests will be run with promising matrices at 150-200°C.

k., Large Cell Testing

Life testing will be conducted at preferred operating conditions
and current densities up to 300 m/ em? with the aim of cbtaining stable

operation for 1000 hours. Asbestos matrices will be used in these tests.
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